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We used cDNA microarray analysis to screen for FGF target genes in Xenopus embryos treated with the FGFR1 inhibitor SU5402, and
identified neurotrophin receptor homolog (NRH) as an FGF target. Causing gain of NRH function by NRH mRNA or loss of NRH function
using a Morpholino antisense-oligonucleotide (Mo) led to gastrulation defects without affecting mesoderm differentiation. Depletion of NRH
by the Mo perturbed the polarization of cells in the dorsal marginal zone (DMZ), thereby inhibiting the intercalation of the cells during
convergent extension as well as the filopodia formation on DMZ cells. Deletion analysis showed that the carboxyl-terminal region of NRH,
which includes the bdeath domain,Q was necessary and sufficient to rescue gastrulation defects and to induce the protrusive cell morphology.
Furthermore, we found that the FGF signal was both capable of inducing filopodia in animal cap cells, where they do not normally form, and
necessary for filopodia formation in DMZ cells. Finally, we demonstrated that FGF required NRH function to induce normal DMZ cell
morphology. This study is the first to identify an in vivo role for FGF in the regulation of cell morphology, and we have linked this function
to the control of gastrulation cell movements via NRH.
D 2005 Elsevier Inc. All rights reserved.
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Morphogenesis during early development, involving cell
proliferation, differentiation, and migration, is regulated by
transcription, reorganization of the cytoskeletal architecture,
and cell adhesion. Many of these cellular processes are
controlled by cell-to-cell communication mediated by
secreted molecules such as polypeptide growth factors.
Fibroblast growth factor (FGF) refers to a group of struc-
turally related growth factors that were initially cha-
racterized based on the ability of these molecules to
promote the proliferation and survival of a variety of cells;
FGF has also been implicated in the regulation of cell
morphology and migration (Szebenyi and Fallon, 1999). In0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: nueno@nibb.ac.jp (N. Ueno).isolated animal cap (AC) explants of early Xenopus laevis
embryos, which normally become ectoderm, basic FGF can
induce the ventral mesodermal fate, mimicking the ven-
trovegetal mesoderm-inducing signal (Kimelman and
Kirschner, 1987; Slack et al., 1987). Earlier, embryonic
FGF (eFGF) was found to induce a gene for the T-box
transcription factor, Xenopus brachyury (Xbra), which in
turn activates the eFGF gene, thereby constituting a closed
circuit of gene activations to amplify the signal for
mesoderm induction (Conlon et al., 1996; Issac, 1997).
Although FGF is known as a mesoderm-inducing factor,
recent studies have revealed that it can regulate multiple
cellular events, including cell shape change and migration
(Burdine et al., 1997; Hacohen et al., 1998; Ribeiro et al.,
2002; Schumacher et al., 2004; Sutherland et al., 1996;
Yang et al., 2002). In Xenopus, FGF2 can induce cell
motility, lamellipodia formation, and cellular polarization in
gastrula stage cells (Wacker et al., 1998) and a functional282 (2005) 95–110
H.A. Chung et al. / Developmental Biology 282 (2005) 95–11096analysis of an FGF antagonist, sprouty2 (Nutt et al., 2001),
showed that FGF plays an important role in the regulation of
gastrulation cell movements. These observations suggest
that FGF has a diverse array of biological functions during
the course of early development. To dissect the temporally
distinct roles of FGF in early Xenopus development, we
attempted to screen for FGF target genes by treating
embryos with SU5402, a chemical inhibitor of FGFR
(Mohammadi et al., 1997), at different times in develop-
ment, and examined the gene expression by microarray
analysis. We successfully isolated transcriptionally regu-
lated FGF target genes that are involved in MAPK-
dependent mesodermal induction as well as in gastrulation
cell movements (Chung et al., 2004).
Among the target genes that are affected by treating
embryos with SU5402 from stage 10.5 to 11.5, we identi-
fied a gene that encodes a protein similar to mammalian
p75NTR. p75NTR was originally identified as a receptor for
neurotrophins, in addition to the well-characterized Trk
receptor tyrosine kinases. Thus, neurotrophins are thought
to exert their cellular activities through two different
receptors, the Trks and p75NTR. In Xenopus, the neuro-
trophin receptor homologs (NRHs) encode two alleles,
NRH1a and NRH1b, which are structurally related to
p75NTR and are also called NRH (Genbank accession no.
AY553184, Chung et al., 2004) and fullback (AF131890,
Bromley et al., 2004), respectively. Recently, Sasai et al.
(2004) reported the biochemical mechanism of NRH
function in gastrulation cell movement via regulation of
small GTPase proteins and JNK activation but it still
remains unknown how NRH regulates cytoskeletal machi-
nery to achieve dynamic cell shape changes and cell
movements during convergent extension. Here, we report
a newly identified function of NRH in vertebrate gastrula-
tion and propose a possible mechanism for FGF’s regulation
of gastrulation cell movements through the activity of NRH.
Since neurotrophins regulate neuronal and non-neuronal cell
survival and determine cell numbers during development,
this finding is somewhat unexpected. Nonetheless, it sheds
light on this novel function of neurotrophins and their
receptor during embryogenesis, and suggests an interaction
between the FGF and neurotrophin pathways in neural
development.Materials and methods
Plasmid construction, RNA synthesis, and antisense
morpholino oligonucleotides
We previously identified a cDNA fragment XL019m15,
in our microarray screen, and subsequently found the full-
length (FL) cDNA clone, XL103g21 in our Xenopus EST
database (NIBB XDB, http://www.Xenopus.nibb.ac.jp).
Using PCR, we constructed plasmids for microinjection
and subcellular localization studies. A FL construct withoutthe 5VUTR, a FL construct that included the 5V UTR, and
cleavage mutants of NRH were subcloned in-frame into the
EcoR2 and EcoRV sites of pCS2+ and pCS2 Venus to
create a C-terminal Venus tag. The PCR primer pairs were as
follows: 5V CGGAATTCATGGAAATGAGGGGCCCACG-
T 3V and 5V CCGCTCGAGTTACACCACAGAGCTGGCAT
3V for NRH FL; 5V CGGAATTCATGGAAATGAGGGG-
CCCACGT 3V and 5V CCGCTCGAGCACCACAGAGC-
TGGCAT 3V for Venus tag tethered FL construct; 5V
CGGAATTCGGGCAGTTTTCATACAGGAGAA 3V and
5V CCGCTCGAGCACCACAGAGCTGGCAT 3V for the 5V
UTR plus FL cDNA; 5V CGGAATTCATGGAAATGAG-
GGGCCCACGT 3V and 5V CCGCTCGAGTTAGCAGGTA-
GTATAGCACTT 3V for NRH DC; 5V CGGAATTCATGTTQ
TAAGTGCTATACTACCT 3V and 5V CCGCTCGAGTTA-
CACCACAGAGCTGGCAT 3V for NRH C. Constitutively
active constructs (QL) of RhoA and Rac (GenBank ac-
cession no. AF174644) were prepared by PCR using neu-
rula cDNA. A plasmid bearing the gene for constitutively
active MKK7 (MKK7 DED) was a kind gift from Dr. E.
Nishida (Yamanaka et al., 2002). The plasmids bearing the
gene for GAL4 (DBD)-tagged c-Jun and the dominant
negative form of Xwnt11 were kind gifts from Dr. M. Tada.
Xwnt11 (Tada and Smith, 2000), dominant negative Xwnt11
and pSP64T-Cdc42G12V (Djiane et al., 2000) were
linearized with BamHI. Plasmids to be used for micro-
injection were linearized with NotI, if there was no
additional description. Capped mRNAs were synthesized
with an mMESSAGE mMACHINE kit (Ambion, Austin,
TX) and purified on a NICK column (Pharmacia, Uppsala,
Sweden). All plasmids were transcribed with SP6 polymer-
ase. Antisense Morpholino oligonucleotides (Mo) were
obtained from Gene Tools. Mo sequences were as follows:
NRH Mo 5V-GGATCTGGCCTCGTTCCTGTTCAGG-3V;
fullback Mo 5V-GCCCCTCTTATCCATAGTTGGGATC-3V;
control Mo 5V-CCTCTTACCTCAGTTACAATTTATA-3V.
Embryo manipulation
Xenopus eggs were collected as described (Yamamoto
et al., 2001), and the embryos were staged according to
Nieuwkoop and Faber (1967). ACs were dissected at the
blastula stage, and the dorsal marginal zone (DMZ) or
ventral marginal zone (VMZ) was isolated at stage 10.5.
Dissected tissues were placed in 1 Steinberg’s solution
supplemented with 0.1% bovine serum albumin (BSA) until
the stages of interest were reached or the tissue was
processed further for other assays.
RNA isolation and RT-PCR assays
Total RNA was isolated from 10 explants using TrizolR
reagent (Life Technologies), according to the manufacturer’s
instructions. Isolated RNAs from the explants were used for
cDNA synthesis in the presence of 2 mM dNTP, 0.1 M
DTT, 5 first-strand buffer, RNase inhibitor (Takara,
H.A. Chung et al. / Developmental Biology 282 (2005) 95–110 97Osaka, Japan), and Reverse Transcriptase (M-MLV, Life
Technologies) in a 20-Al reaction volume for 1 h at 378C. A
one-twentieth volume of the cDNA was used for PCR
amplification with Ampli Taq polymerase (Applied Bio-
systems, Branchburg, NJ). The primer sets for PCR were
described previously (Chung et al., 2004).
Whole-mount in situ hybridization and immunostaining
Embryos to be used for in situ hybridization were
incubated until the proper stages, fixed in MEMFA (0.1 M
Mops [pH 7.4], 2 mM EGTA, 1 mM MgSO4, 3.7%
formaldehyde) solution, and stored in methanol at 208C
until use. Embryos that received injection of mRNAs and h-
galactosidase mRNAwere fixed in MEMFA solution, rinsed
with PBS, and stained with 6-chloro-3-indolyl-h-d-galacto-
side as a lineage tracer. Following the staining procedure,
the embryos were fixed again in MEMFA. Synthesis of
DIG-labeled antisense RNA probes and whole-mount in situ
hybridization (WISH) were performed as previously
described (Harland, 1991). Xbra (Smith et al., 1991), Xgsc
(Cho et al., 1991) were prepared as described previously and
pBS-KS-Xwnt11 constructs with NotI and transcribing them
with T7 RNA polymerase. Probes were purified on a
Sephadex G 50 spin column (Amersham Pharmacia).
Hybridized RNAs were detected with an alkaline-phospha-
tase-conjugated anti-DIG-antibody (Roche, Mannheim,
Germany) and developed using BM purple (Roche). Stained
embryos were bleached in methanol supplemented with
10% hydrogen peroxide.
Immunostaining was performed as described with minor
modifications (Klymkowsky and Hanken, 1991), using
monoclonal antibodies MZ15 and 12/101 (Hybridoma
bank) to stain the notochord and somites, respectively.
Embryos and explants were fixed in 4% MEMFA at stage
28. They were incubated in diluted primary antibody and
then in secondary antibody. Labeling was visualized with
H2O2. For the notochord observation, embryos were cleared
using a benzyl benzoate solution.
Cytological observations using confocal microscopy
To observe the subcellular localization of the Venus-
tagged constructs, that is, cell intercalation, we used confocal
laser scanning microscopy (Carl Zeiss MicroImaging, Inc).
AC explants isolated at the blastula stage were cultured in
1 Steinberg’s solution containing 0.1% BSA in a glass-
bottomed dish (3910-035; Iwaki). DMZ or VMZ explants
were cultured in 1 Steinberg’s solution in a glass-bottomed
dishcoatedwith fibronectin (FN) (~0.1mg/ml,F1141; Sigma-
Aldrich). To observe cytoskeletal changes, these explants
were exposed to either bFGF (50–100 ng/ml, Wako, Osaka,
Japan) or SU5402 (50 AM, Calbiochem, CA) and incubated
until sibling embryos reached the proper stages. Stacks of
images of sequential z axis focuses were sliced with the
depth of 0.9–1.2 Am from the lowest plane to the highestplane. Images were scanned using built-in LSM 510
software and prepared using Adobe Photoshop 6.0 software
for publication. To observe cell shape and protrusions, we
generally adopted the third panel from the lowest plane for
images and statistical data on this manuscript (see Fig. S3).
Data analysis was performed by the NIH image (http://
www.rbs.info.nih.gov/nih-image/Default.html).
Western blotting
Ten explants were homogenized in 100 Al lysis buffer (50
mM Tris–HCl [pH 7.4], 150 mM NaCl, 50 mM NaF, 5 mM
EDTA, 0.5% NP-40, 1 mM Na3VO4 with 1 mM p-APMSF,
10 Ag/ml aprotinin, 20 Ag/ml leupeptin, 10 Ag/ml pepstatin,
and 1 mM DTT added just prior to use). Uninjected explants
were used as an internal loading control. Boiled lysates (10
Al) were separated by 10% SDS-PAGE and transferred to
PDVF membranes (BIO-RAD, CA), which were then
probed with the indicated antibodies. The antibodies used
were a rabbit anti-GFP antibody (#598, Molecular Bio-
logical Laboratories) and an HRP-conjugated anti-rabbit
anti-IgG (Amersham). The ECL plus kit (Amersham) was
used for detection.Results
Neurotrophin receptor homolog NRH is a target of the
FGFR1 signal
Our microarray screening for FGF targets in Xenopus
laevis embryos treated with an inhibitor of FGFR1,
SU5402, has identified a number of genes, and some
functional analyses have already been reported (Chung
et al., 2004). One target gene, XL019m15, was found to
encode a protein similar to p75NTR, which belongs to a
family of proteins that are structurally related to the
neurotrophin receptor, and thus we renamed this gene
neurotrophin receptor homolog (NRH). We previously
reported that NRH expression is regulated in an FGF-
dependent manner, but not by the Ras-MAPK signaling
pathway (Chung et al., 2004). From the results of semi-
quantitative RT-PCR, we identified NRH mRNA as the
product of a maternally expressed gene and its zygotic
expression is dependent on FGF signaling starts from late
blastula. In Xenopus, NRH is expressed during early
embryogenesis, and its transcripts are dorsally enriched
in the early gastrula. NRH encodes a polypeptide of 388
amino acids that shares 83% identity with fullback and it is
predicted to have three functional domains: cysteine
repeats, a death domain, and a PDZ motif. Mammalian
NRH has been shown to function in the central nervous
system and to regulate nerve growth factor binding to the
TrkA receptor; in addition, most adaptor proteins interact
with NRH through its death domain (Kanning et al., 2003;
Murray et al., 2004). However, little is known about the in
H.A. Chung et al. / Developmental Biology 282 (2005) 95–11098vivo role of NRH, and its role in embryogenesis is still
should be addressed.
Gain or loss of NRH function perturbs gastrulation
To understand the in vivo role of NRH, we first performed
a gain-of-function analysis in the Xenopus laevis embryo.
When 500 pg of NRH mRNA was injected into the dorsal
blastomeres, embryos manifested severe gastrulation defect
phenotypes, which ranged from a shortened trunk in mildFig. 1. Gain of NRH function induces severe gastrulation defects but does not affe
(200 pg (n = 67), 500 pg (n = 75), and 1000 pg (n = 73)) in two dorsal cells at the
and spina bifida (S.B.). Embryos whose A–P axis was shortened compared wit
according to the severity of the phenotype: that is, embryos were categorized as ha
mount in situ hybridization (WISH) analysis was performed with a lineage trace
markers Xbra and Xwnt11 and the presumptive head marker Xgsc were used in the
obtain molecular clues regarding the role of NRH in mesodermal induction and th
genes, Xspry2 and Xmc, as well as canonical FGF target genes, Xbra and Xwnt11
mRNA injection were stained with 12/101 antibody (somites) or MZ15 antibody (n
notochord. (E) The subcellular localization of NRH was examined using the C-t
involuting dorsal marginal zone (DMZ) explants. The subcellular localization wacases to spina bifida (S.B.) in severe cases (Fig. 1A). We
scored the frequency of each phenotype (Fig. 1A, right). The
effect of NRH overexpression appeared to be dose-depend-
ent, and 1 ng of mRNA caused spina bifida in more than half
of the injected embryos. Such gastrulation defects are often
attributed to impaired mesodermal induction/differentiation.
Thus, we assessed whether NRH overexpression perturbed
mesodermal induction/differentiation by several criteria.
Neither whole-mount in situ hybridization of Xbra, Xwnt11,
and Xgsc (Fig. 1B) nor RT-PCR analysis of severalct transcription regulation. (A) Embryos received an NRH mRNA injection
4-cell stage were classified into short or shorter anteroposterior (A–P) axis
h uninjected embryos (n = 70) were further classified into two categories
ving a short A–P axis (short) or a very short A–P axis (shorter). (B) Whole-
r that was introduced into two dorsal cells at the 4-cell stage. Mesodermal
WISH analysis. (C) Semi-quantitative RT-PCR analyses were carried out to
e FGF signaling pathway. Primer pairs for known non-canonical FGF target
, were used in this assay. (D) In later stages, embryos that received the NRH
otochord). There was no change in the differentiation of the somites and the
erminal Vns-tethered construct (100 pg) in dissected animal cap (AC) and
s visualized by confocal microscopy. Scale bar, 100 Am.
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affected marker gene expression. We also investigated
whether NRH regulated genes including known FGF signal
targets such as Xbra, Xwnt11, Xspry2 (Nutt et al., 2001), or
Xmc (Frazzetto et al., 2002). To do this, we injected NRH
mRNA into DMZ cells, which were then analyzed by RT-
PCR. We found that NRH did not affect the expression of the
FGF targets (Fig. 1C). Previously, we reported that NRH did
not respond to the exogenous expression of Xbra, Xwnt11,
Xsprouty2, or Xmc (Chung et al., 2004).
Immunostaining with 12/101 and MZ15 to mark the
somite and notochord, respectively, also confirmed that
mesodermal differentiation per se was not perturbed, despite
the morphological anomalies (Fig. 1D). These results
strongly suggest that the observed gastrulation defects were
derived from aberrant cell movements but not from cell-fate
specification.
When NRH was fused with a modified YFP Venus tag
(Venus tag, Nagai et al., 2002) (NRH-Vns) and expressed in
the early embryo, we observed the preferential localization
of the NRH fusion protein to the plasma membrane in AC
cells and in intercalating DMZ cells (Fig. 1E); this result
was consistent with the predicted structure of NRH, whose
primary structure contains a transmembrane domain (See
Fig. 5A, left), and suggests that NRH functions on the cell
membrane. Interestingly, when Venus tag fused intracellular
domain (ICD) of NRH whose palmitoylation site at cysteine
244 is well conserved in vertebrates was introduced into
involuting dorsal cells, ICD-Vns was localized at two tips of
spindle-like cells (data not shown).
To further investigate in vivo role of NRH during early
embryogenesis, we next performed loss-of-function studies
using an NRH Mo designed to specifically target the NRH
mRNA and block its translation. When the NRH Mo was
injected into embryos with an NRH-Vns construct bearing
the native UTR, which included the Mo target sequence, or
with an NRH-Vns construct that lacked the target se-
quence, only the mRNA bearing the NRH native UTR was
depleted from the embryo (Fig. 2A), proving that the NRH
depletion occurred in a sequence-specific manner. Deple-
tion of the endogenous NRH resulted in gastrulation
defects of Mo-injected embryos (Fig. 2B), which re-
sembled the phenotypes of embryos overexpressing
NRH, that is, a shortened body axis and spina bifida that
showed open blastopore and neural tube closure failure
(Fig. 1A). These phenotypes were rescued, if not perfectly,
by expressing full-length (FL) NRH lacking the NRH Mo
target site. The lack of effect on the mesodermal induction/
differentiation was also confirmed by whole-mount in situ
hybridization (Fig. 2C), RT-PCR analysis (Fig. 2D), and
immunostaining with somite- and notochord-specific anti-
bodies (Fig. 2E).
We further confirmed that not only NRH overexpression
but also NRH depletion by the NRH Mo inhibited the
elongation of activin-treated ACs (Fig. S1). This Mo-
induced inhibition was efficiently rescued by overexpress-ing NRH FL without the Mo target sequence. Again, the
expression of the mesodermal genes Xwnt11 and Xbra was
unchanged, indicating that this effect was not due to
impaired mesoderm formation (Fig. S1). Consistent with
this, further microarray analysis of DMZ explants express-
ing exogenous NRH mRNA or the NRH Mo failed to detect
any transcriptional changes (unpublished data, Chung et al.).
Given that the elongation of AC cells is thought to represent
gastrulation cell movements, including convergent exten-
sion, these results, together with those of the gain-of-
function experiments, lead us to speculate that NRH is
essential for controlling gastrulation.
NRH depletion fails cellular intercalation and cell shape
change
To learn how NRH depletion affected gastrulation
(elongation), we carried out a careful analysis of the
morphology of DMZ cells in the early gastrula. In a normal
embryo, lateral DMZ cells become spindle-shaped, meet at
the midline, and intercalate with each other. Thus, when we
labeled each lateral half of the embryo with membrane-
binding form of either a green (Vns) or red (RFP)
fluorescent proteins, lineage tracers, as shown to Fig. 3Aa,
we found the labeled cells were vigorously mixed as a result
of the intercalation as previously shown by Kinoshita et al.
(2003) (Fig. 3Ba). In contrast, if the NRH Mo was injected
into one side, cells in the injected side maintained a
polygonal or round morphology and failed to intercalate
with the polarized cells of the untreated side (Fig. 3Bc, NRH
Mo). NRH Mo caused resounding anomalies in quantitative
and statistical analyses that compare the ratio of medio-
lateral length (ML) to anteroposterior length (AP) of cells
(Fig. 3Ab) from NRH Mo and control Mo-treated embryos.
While control Mo introduced cells showed 4-fold longer
ML axis than AP axis, representing well-shaped spindle-like
cells (Fig. 3Bb), NRH Mo introduced cells showed merely
twice longer ML axis than the AP axis (Fig. 3Bd). Thus, we
propose that NRH regulates cell morphology in the DMZ
and enables convergent extension.
NRH regulates the filopodial extensions in migrating cells
AC cells and ventral marginal zone (VMZ) cells show
pebble-like shape and few filopodia (Figs. 4A and B, left
panel), but DMZ cells are surrounded by protrusions like
filopodia and lamellipodia (Fig. 4C, left panel). Interest-
ingly, this dorsal-specific cell morphology was induced in
AC and VMZ cells when NRH was overexpressed by
mRNA injection (Figs. 4A and B, right panel). In par-
ticular, the protrusions that formed on the AC cell
membranes were markedly thicker than those on the
VMZ cells which showed more than twice number of
filopodia per cell and much longer filopodia (Fig. 4D).
Conversely, depletion of NRH using the Mo almost
completely eliminated the filopodia that are normally seen
Fig. 2. NRH is required for convergent extension cell movements. (A) We confirmed that the NRH Mo specifically inhibited NRH mRNA translation. ACs
received a co-injection of antisense morpholino oligonucleotides (Mos) (16.8 ng) and Venus-tagged constructs (100 pg) and Venus (100 pg). The ACs were then
isolated and the constructs were detected by with an anti-GFP antibody. We confirmed both that the NRH Mo completely abolished translation of the NRH
construct that included the 5VUTR, and that this inhibition was fully rescued by the Venus-tagged NRH full-length (FL) construct. (B) Embryos whose NRH was
depleted (n = 82) displayed gastrulation defects, spina bifida or a short trunk, and those phenotypes were compared with embryos that received injections of the
controlMo (conMo) (n = 80). These phenotypes were partially rescued by the co-injection of 500 pg (n = 78) but not 250 pg (n = 75) of FLNRH mRNA. (C, D, E)
NRH Mo-injected embryos showed no difference from normal embryos in their mesodermal induction or expression of FGF signaling components. In addition,
staining with the 12/101 antibody (somites) and the MZ15 antibody (the notochord) clearly showed that NRH did not alter the mesodermal development.
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4C right panel, D and Fig. S3), suggesting that NRH
activity is required for the formation and/or maintenance of
the protrusions.
The C-terminal domain is essential for regulating cell
movements and filopodial formation
We next examined the structure–function relationship of
NRH, focusing on both the regulation of gastrulation cell
movements and filopodial formation. NRH consists of three
predicted functional motifs that are separated by the
transmembrane region (TM); the extracellular domaincysteine repeats, which include three interchain disulfide
bridges, and the cytoplasmic domain, which includes death
domain (DD) of 6-consecutive helix–loop-helix structure
and a PDZ-binding motif (Fig. 5A, left). We simply
generated mutant forms of NRH that lacked either the
carboxyl-terminal (C-terminal) DD and PDZ motif (DC,
amino acids 1–243) or the extracellular domain, including
the transmembrane region (C, amino acids 238–388). We
first examined whether the FL, DC, or C-form of NRH
perturbed normal gastrulation. The DC form caused
embryos to develop with a shortened body axis and spina
bifida as efficiently as did the FL form (Fig. 5A, right). In
addition, the C-form of NRH caused aberrant gastrulation in
Fig. 3. NRH Mo introduced cells fail to intercalate with con Mo introduced cells and transformed into spindle-shaped cells. (Aa) We attempted to visualize the
cellular intercalation event by injecting different fluorescent proteins, membrane-bound form of Venus (mb-Vns) and membrane RFP (mb-RFP), into each side
of the embryo at the 4-cell-stage. (Ab) Ratio of mediolateral length (ML) to anteroposterior length (AP) was measured. (Ba) The side of embryos that received a
con Mo injection showed good intercalation and highly coordinated cell movements during gastrulation. (Bc) Embryos that received NRH Mo injections (red)
failed to intercalate with cells from the other side of the embryo that carried the control Mo (green). (Bb, d) As shown in mediolateral axis (longer axis) to
anteroposterior axis (shorter axis) ratio, NRH Mo-bearing cells showed about half values as those of con Mo-introduced cells. NRH Mo-injected cells did not
exhibit spindle-like cell shapes and still remained pebble-like cell shape compared with the con Mo-bearing cells. Scale bar, 50 Am.
Fig. 4. NRH is essential for the regulation of cell morphology. Scale bar, 50 Am. (A, B) Cell shape changes in ACs and VMZ (ventral marginal zone) cells in
response to changes in NRH expression. ACs or VMZs received injections of NRH mRNA (500 pg) and membrane-bound RFP (150 pg) into two animal cells
at 2-cell stage embryos and two ventral cells at 4-cell stage embryos, respectively. ACs were cultured on glass-bottomed dishes and VMZ cells were cultured on
fibronectin (0.1 mg/ml)-coated glass-bottomed dishes. In ACs expressing exogenous NRH, the number, length, and thickness of protrusions were remarkably
increased. (C) DMZ cells received an injection of con Mo (16.8 ng) or NRH Mo (16.8 ng) in the two dorsal cells at the 4-cell stage to study NRH Mo-induced
cytoskeletal changes. Membrane-bound RFP (150 pg) was co-injected to mark the cell membrane. (D) Using NIH image processing software, we counted the
number of filopodia per one cell and measured the length of filopodia to assess an effect of NRH and NRH Mo in cell morphology. NRH mRNA injection
received VMZ cells showed not only over 2 times increased number of filopodia per cell but also much longer average length of filopodia than those of mb-
RFP injection received VMZ cells (con). At the same time, NRH Mo introduced DMZ cells exhibited almost 3 times smaller number of filopodia per cell and
shorter average length of filopodia than those of con Mo-injected cells.
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Fig. 5. The carboxyl-terminal portion of NRH is essential for NRH function and could rescue NRH Mo-induced phenotypes. (A) Two types of cleavage
mutants and their effects on whole embryo: DC fragment (amino acids 1–240), which lacks the intracellular domain (ICD) and cytosolic fragment (C fragment)
(amino acids 238–388), which includes the palmitoylation site (amino acid 244) and the entire ICD. The frequency of the phenotypes caused by the FL (250 pg
and 500 pg (both, n = 90)), DC (250 pg (n = 90) and 500 pg (n = 89)), and C (250 pg (n = 72) and 500 pg (n = 82)) are plotted on the graph. Uninjected
embryos (n = 90) developed normally. (B) Co-injections with NRHMo: FL (250 pg (n = 56), 500 pg (n = 40)), DC fragment (250 pg and 500 pg (both, n = 58)),
and C fragment (250 pg, 500 pg, and 1000 pg (all, n = 45)). The FL construct and C fragment partially rescued the NRH Mo-induced phenotype (n = 44).
Compared with FL, the C fragment showed a higher efficacy of phenotype rescue. The DC fragment failed to rescue the NRH Mo phenotype, and even resulted
in stronger phenotypes than those caused by the NRH Mo alone. Embryos receiving con Mo injections (n = 40) showed normal development. (C) Using the
same injection series as in B, we observed changes in DMZ cell shape at the mid-gastrula stage. The NRH FL (c) and C fragment (e) constructs markedly
rescued the NRH Mo-induced inhibition of filopodia formation (b) both in number and average length of filopodia as shown in f and g. However, C fragment
deleted construct (d) failed to rescue NRH Mo-driven phenotypes. Scale bar, 50 Am.
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ingly, when the ability of these constructs to rescue the NRH
phenotypes was tested, the C-form was the most efficient,
and it was even more potent than the FL form in reverting
the gastrulation defects induced by the NRH Mo. At the
highest dose of the C-form, only a mild phenotype (short
axis) was seen. Although the DC-form disrupted normal
gastrulation when it was ectopically expressed, it had
hardly any ability to rescue the NRH Mo-induced pheno-
type (Fig.5 B). Despite the C-form’s relatively weak activity
in causing gastrulation defects when ectopically expressed,
the results of the rescue experiment suggest that the C-
terminal region that contains the DD and PDZ motif is
critical for controlling gastrulation cell movements. There-
fore, DC-form lacking intercellular domain was thought to
function dominant negatively.
We next asked whether the C-terminal domain is
sufficient for regulating filopodial formation. Suppressive
effects of NRH Mo on filopodia formation were efficiently
rescued by either the FL- (Fig. 5Cc) or C-form (Fig. 5Ce),
but not by the DC-form (Fig. 5Cd). Surprisingly, C-form of
NRH could fully rescue the suppression to the average
length of filopodia even though the number of filopodia was
only partially rescued (Figs. 5Cf, g). Taken together, these
results indicate that the C-terminal region is necessary and
sufficient for controlling both cell movements and filopodial
formation.
NRH and Wnt/PCP pathway are cooperating to regulate
protrusive morphology
Previous research done by Sasai et al. (2004) showed that
NRH exerts synergic effects to Wnt/PCP pathway by
regulating its effectors such as small GTPases and JNK
and Wallingford et al. (2000) have shown that Wnt/PCP
pathway regulates protrusive cell morphology. Given our
results that NRH can form ectopic protrusions, predom-
inantly filopodia, all-around AC cells and VMZ cells, it is
conceivable that NRH might be involved in Wnt/PCP
pathway regulating cell morphology. To test this, animal
caps from Xwnt11/Xfz7, Xdd1, a PDZ domain deleted
Dishevelled (Rothba¨cher et al., 2000), or NRH mRNA
injected embryos were carefully observed (Fig. 6A). When
Xwnt11 and Xfz7 (Djiane et al., 2000) were simultaneously
introduced (200 pg each), we observed dramatically
increased number of filopodia on animal cap cells and
those filopodia were well developed as previously shown by
Iioka et al. (2004) (Figs. 6Ab, e, f). Under the presence of
Xdd1 (1000 pg), those filopodia were completely sup-
pressed and AC cell shape seemed to be restored to the
original state (Fig. 6Ac). Interestingly, when NRH was co-
introduced with Xwnt11/Xfz7, and Xdd1, NRH reversed
Xdd1-causing cellular phenotype (Fig. 6Ad). Even though
the number of filopodia per cell was merely partially
rescued, average length of filopodia was fully rescued
(Figs. 6Ae, f). Similar experiments were further carried outin dorsal cells (Fig. 6B). When Xdd1 (1000 pg) was in-
troduced, both number and average length of filopodia were
remarkably decreased (Figs. 6Bb, d, e). Again, Xdd1-
induced filopodia perturbation was partially, if not entirely,
rescued by lower mRNA concentrations of NRH coinjection
(Figs. 6Bc, d, e) but we failed to rescue Xdd1 induced
whole embryo phenotype (data not shown). These results
suggest that NRH can act to revert the loss-of-function
phenotype of Wnt/PCP signal at least for cell morphology.
In addition, we asked whether ectopic activation of Wnt/
PCP pathway could be blocked by knockdown of NRH or
NRH inducing phenotype could be blocked by depletion of
Wnt/PCP pathway, for example, inhibition by Xdd1 and dn
Xwnt11, dominant negative form of Xwnt11. We addressed
these questions through cell morphology observation.
Ectopically expressed Xwnt11/Xfz7 developed filopodia
but depletion of NRH by Mo barely affected those
protrusions, if any, it was merely partial effect (data not
shown). As we mentioned above, NRH could induce ectopic
filopodia. However, NRH activity was not reversed regard-
less of Xdd1 (Fig. S4A) or dn Xwnt11 (data not shown)
coinjection, if any, it was also partial effect. These results
suggest that NRH pathway may be independent of Wnt/PCP
pathway despite that they share a similar activity of
filopodia formation.
Active form of Small GTPase proteins RhoA and Rac
rescued NRH Mo-driven filopodia perturbation
It is well known that small GTPases protein family
regulates protrusive cell morphology (Burridge and Wen-
nerberg, 2004; Demali and Burridge, 2003; Raftopoulou and
Hall, 2004; Tahinci and Symes, 2003). Previous report by
Sasai et al. (2004) clearly demonstrated NRH function of
small GTPase proteins activation in gastrulation. Thus, we
next investigated the possibility that NRH requires functions
of small GTPase proteins for the regulation of the cell
morphology. Constitutively active form (CA) of either
RhoA, Rac, or Cdc42, and NRH Mo were introduced into
two dorsal cells at 4-cell stage. Active form of RhoA (CA
RhoA) showed not only fully extended filopodia but also
notably increased number of filopodia and it rescued NRH
Mo inducing filopodia perturbation nicely (Fig. 7c). Active
Rac (CA Rac) was similar in function to those of CA RhoA
and it exerted almost full rescue for average length of
filopodia (j). However, CA Rac was able to partially reverse
the decline in the number of filopodia (i). Active form of
Cdc42 (CA Cdc42) failed to rescue NRH Mo induced
levigate cell morphology.
This result is consistent with that the filopodia formation
is thought to depend on the activity of RhoA and Rac
(Tahinci and Symes, 2003); we found that RhoA’s dorsal
activity was significantly suppressed by the depletion of
NRH by the Mo (Fig. S2A). Next, we examined whether the
filopodia-inducing activity of NRH was related to JNK
activity, which is essential for gastrulation cell movements
Fig. 6. NRH could rescue perturbed non-canonical Wnt/PCP pathway-driven protrusive morphology. Scale bars, 50 Am. (A) Exogenous co-injection of Xwnt11
and Xfz7 into animal cells (200 pg each, b) was capable of producing well-developed filopodia in animal cells and these protrusions were almost completely
suppressed by Xdd1 (1000 pg, c), PDZ domain deleted form of Disheveled. NRH mRNA (400 pg) could partially recover filopodia formation in number (e) but
almost fully in average length of filopodia (f). (B) All mRNAs were injected into two dorsal cells at 4-cell stage embryos. Filopodia of DMZ (a) were
suppressed by Xdd1 introduction (b) both in number (d) and average length (e) and those effects by Xdd1 were restored by NRH co-injection (c) though they
were partially rescued (d, e).
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activated JNK in AC cells, as revealed by the phosphor-
ylation of c-Jun (Fig. S2B). To understand if this activation
was physiological, we made use of Xfz7, a receptor that
transduces the Wnt/PCP signal, which activates JNK in both
Drosophila and vertebrates such as Xenopus (Boutros et al.,
1998; Kinoshita et al., 2003; Pandur et al., 2001). When
Xfz7 was overexpressed in AC cells, JNK was activated
(i.e., c-jun was phosphorylated) to the same extent as when
NRH was expressed in these cells while there was no
indication of JNK activation in the control, untreated AC
cells. There was no significant synergistic interaction
between Xfz7 and NRH for JNK activation and NRH Mofailed to inhibit JNK activation by Xfz7. Those interactions
between NRH and Wnt/PCP pathway are in good agreement
with the previous report (Sasai et al., 2004). According to
the results of Sasai et al. (2004), NRH Mo inhibited activin-
induced elongation of animal caps and this inhibitory effect
was reversed by activation of JNK. Then, we asked whether
JNK activity would be able to rescue cell morphology by
NRH Mo by using MKK7, constitutive active form of JNK
(Yamanaka et al., 2002), nevertheless JNK activation did
not show any significant reverse effect in NRH Mo-driven
filopodia perturbation (Fig. S4). This suggests that JNK
activity is not essential for NRH regulating filopodia
formation.
Fig. 7. NRH Mo induced-filopodia disruption was mainly rescued by active form of RhoA (CA RhoA) and partially by active form of Rac (CA Rac) but not by
active form of Cdc42 (CA Cdc42). Constitutive active forms of small GTPases were introduced into two dorsal cells of 4-cell stage embryo with or without
NRH Mo. Scale bars, 50 Am. NRH Mo bearing DMZ cells (b) showed poorly developed filopodia than those of con Mo bearing cells (a). However, CA RhoA
(50 pg) which itself is capable of inducing filopodia (d) introduced cells rescued NRH Mo-induced phenotype (c) both in the number of filopodia (e) and the
average length of filopodia (f). Coinjection with CA Rac (20 pg) showed partially rescued the number of filopodia (g, i) and the average length of filopodia
(g, h). CA Cdc42 (5–20 pg) seems not to rescue filopodia formation in these experiments (k, l, m, n).
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function
To gain insight into the regulation of NRH by FGF, we
examined the effect of FGF on the morphology of the DMZ
cells, which are relatively round and rimmed with filopodia
before they intercalate. To test the possibility that this cell
morphology is related to FGF signaling, we treated DMZ
explants in culture with an inhibitor of FGFR1, SU5402. As
shown in Fig. 8A, SU5402 treatment almost completely
suppressed the formation of filopodia after 3 h in culture
(Fig. 8Ab). Importantly, the overexpression of NRH in
DMZ cells treated with SU5402 partially cancelled the
negative effect of the drug and induced filopodia (Figs. 8Ac,d, e). These results suggest that FGF signaling is necessary
in vivo to induce filopodia in DMZ cells and that the NRH
signal can bypass the FGF signal, which in turn suggests
that FGF forms filopodia by inducing NRH.
Next, we tested this idea by assessing whether FGF
requires NRH to form filopodia in AC cells. As previously
shown, AC cells do not normally possess visible protrusive
structures. However, ectopic FGF expression in AC cells
induced them. We found that this induction required NRH
because injecting the NRH Mo significantly inhibited the
induction of filopodia by FGF (Figs. 8Bb, c). The NRH
requirement for FGF regulating protrusive morphology was
further confirmed by the observation that the inhibition of
filopodial formation by the NRH Mo was reverted by
Fig. 8. FGF signaling is responsible for filopodial formation via its target gene, NRH. Scale bar, 50 Am. (A) DMZs were isolated at the early gastrula stage and
cultured on fibronectin-coated glass-bottomed dishes. Control DMZs that expressed membrane-bound RFP (150 pg) showed well-developed filopodial
extension (a). These protrusions were completely abolished when the FGFR-specific inhibitor, SU5402 (50 AM), was added to the culture medium (b, d, e).
Nevertheless, NRH mRNA (400 pg) rescued the inhibitor-induced filopodial defect both in number and average length (c, d, e). (B) The addition of bFGF (50–
100 ng/ml) to membrane-bound RFP (150 pg)-expressing AC cells led to a marked increase both in the number and in the average length of cellular protrusions
(b, e, f). The formation of filopodia was dramatically suppressed when the NRH Mo (16.8 ng) was introduced (c, e, f). However, the effect of the NRH Mo was
reversed with the co-injection (400 pg) of FL NRH mRNA that lacked the 5VUTR (d) though the number of filopodia and average length of filopodia were not
higher than those of con Mo-introduced cells (e, f).
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(Fig. 8Bd). These results support our hypothesis that FGF’s
ability to induce filopodia totally depends on NRH function,
and FGF affects this function through the transcriptional
activation of NRH.Discussion
NRH is required for normal cell movements in gastrulation
NRH is encoded by an FGF target gene, and its protein is
most similar to mammalian p75NTR, NRH1. In Xenopus, a
similar gene belonging to the same gene family named
fullback (AF131890) has also been identified (Bromley etal., 2004). The amino acid identity between Xenopus NRH
and fullback is approximately 83%, and thus they may
represent pseudo alleles due to the pseudo tetra-ploidization
of the Xenopus laevis genome. To knock down both alleles,
we prepared two Morpholinos and co-injected into embryos
after specificity of each Mo to respective target was
confirmed. Interestingly, however, Morpholino knockdown
of only the allele that encoded NRH was sufficient to cause
gastrulation defects, and there was no apparent enhancement
of effects of co-injecting the fullback Mo (data not shown).
It is noteworthy that the NRH Mo inhibited intercalation
without affecting mesoderm specification, most likely
because this inhibition resulted in aberrant cell morphology
and movements. These results strongly suggest that NRH is
essential for normal gastrulation and particularly for
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genesis, Xenopus NRH has an expression pattern very
similar to the expression patterns of eFGF and FGFR1, and
it is strongly expressed in the region of the blastopore at the
gastrula stage, in the dorso-posterior mesoderm at the early
neurula stage, and in the midline, neural plate, somites, and
eye vesicles at later stages, as we have reported previously
(Chung et al., 2004). Therefore, it is possible that NRH is
also involved in neural tube closure in the neurula, as
predicted from the open neural tube phenotype in NRH
knock down embryo.
These findings of ours, as well as of Sasai et al. (2004),
were somewhat unexpected, since neurotrophins were
initially identified as target-derived neuronal survival factors,
involved in the maintenance of cell survival and induction of
apoptosis (Barrett, 2000). They are now known to mediate a
wide range of responses that include the regulation of
neuroblast and neural crest cell proliferation, regulation of
neurite outgrowth and growth cone filopodial dynamics, and
the modulation of synaptic plasticity (Barker, 2004; Gehler et
al., 2004; Huang and Reichardt, 2001; Yamashita et al.,
1999). Neurotrophins have also been implicated in neuro-
logical disorders, including Alzheimer’s disease, Parkinson’s
disease, epilepsy, and cancers of the central nervous system
(Roux and Barker, 2002) but they do not bind to NRH (Sasai
et al., 2004), suggesting that those proteins are not likely to
be the ligands of NRH. Although in vivo ligands acting in the
regulation of gastrulation cell movements remain to be
identified, these findings are the first step to understanding a
different aspect of neurotropin receptor function.
NRH regulates gastrulation and cell morphology in parallel
with the Wnt/PCP pathway
Our observations that both gain and loss of NRH
function (through overexpression and use of an NRH Mo,
respectively) resulted in gastrulation defects, including
spina bifida, and modifications in protrusive cell morphol-
ogy suggested that NRH might participate in the Wnt/PCP
pathway, which also causes such defects when perturbed.
In fact, NRH activated endogenous JNK and small
GTPases to the same extent, as did a membrane receptor
component of the Wnt/PCP pathway, Xenopus frizzled 7
(fz7, Xfz7) (Fig. S2B). As Sasai et al. (2004) demonstrated,
overexpression of NRH induced Rho activation and
depletion by NRH Mo resulted in inhibition of Rho
activation, and this defect was rescued by co-expression
of Xfz7. Inhibition of Rho activity by disrupting Wnt/PCP
pathway was also reversed by co-expression of NRH (Sasai
et al., 2004). While perturbed protrusive morphology by
inhibition of Wnt/PCP pathway was partially rescued by co-
expression of NRH (Fig. 6), the same phenotype by
inhibition of NRH Mo was not rescued by Xfz7 (Fig. S4)
or dishevelled (data not shown) but by active form of Rho
and Rac (Fig. 7). Furthermore, function of NRH to activate
RhoA was not inhibited by the inhibition of dishevelledfunction (Sasai et al., 2004), suggesting that NRH regulates
downstream components of dishevelled such as Rho and
JNK. Our results based on cell morphology also showed
very similar results. NRH signal is redundant but parallel
and independent of Wnt/PCP pathway to activate RhoA and
then JNK to regulate normal gastrulation cell movements.
The significant roles of small GTPases and JNK pathways
for cell migration have been confirmed and are well
conserved from C. elegans to mouse. Small GTPases are
part of the cellular machinery required for remodeling the
actin cytoskeleton and generating membranous extensions
such as those at the leading edge of migrating cells.
Although the identification of various migrating regulators
represents a major advance, many gaps remain in our
understanding of cellular locomotion. It is therefore
important to forge a link between the extracellular mole-
cules that regulate migration and the molecules that execute
the motility response. Our observations of convergent
extension cell movements and cell shape changes as well
as our analysis of JNK and RhoA activation lead us to
propose that NRH may represent one of these key links. To
confirm this hypothesis, identification of the ligand(s) that
can trigger the NRH pathway is essential. Since data from a
ligand-binding assay (Sasai et al., 2004) revealed that NRH
did not bind neurotrophins unlike p75NTR, it is possible
that the activation of NRH could be autonomous or
regulated by unexpected partner molecules, as occurs in
the case of the p75NTR/Nogo receptor/LINGO-1 signaling
complex (Mi et al., 2004; Wang et al., 2002).
NRH functional domain responsible for regulating cell
migration
As NRH bears a cysteine-rich extracellular domain, it is
tempting to speculate that ligand(s) as yet unidentified might
interact with the receptor ectodomain and trigger intra-
cellular signaling. This assumption is supported by our
observations that DC, consisting of the extracellular and
transmembrane domains, acts as a dominant-negative form
of NRH and that the C-terminal cytoplasmic domain acts as
a constitutively active form, harboring the full rescuing
ability for the Mo knockdown phenotypes.
The p75NTR intracellular domain (ICD) contains several
regions that are likely to mediate downstream signaling
events. The carboxyl-terminal peptide of p75NTR is con-
served across species, and the most prominent feature of the
ICD is the death domain (DD), an ~80-amino acid association
module initially identified as related to the pro-apoptotic
tumor necrosis factor receptor (TNFR) superfamily member.
DDs have been classified as typeI and typeII on the basis of
their overall similarity and the spacing between putative a-
helices and NRH DD is typeIDD. Primary sequence analysis
of the DDs from various proteins revealed that the NRH DD
is more closely related to those present in Myd88, Unc5, and
ankyrin than to those in other TNFR superfamily members
(Barker, 2004; Roux and Barker, 2002).
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been solved by NMR: these molecules are arranged in two
bundles that each contain three a helices. Helices 2–6 have
essentially identical orientations in p75NTR and Fas, but the
arrangement of helix 1 differs from type IDD. Because of
this difference, the DD-dependent signaling mechanism
employed by p75NTR differs considerably from the
mechanisms used by Fas and related receptors. Consistent
with this, in an experiment using acridine orange, we could
not detect any apoptosis in developing embryos expressing
NRH FL or the NRH ICD (data not shown).
Upon activation, p75NTR assembles a signaling com-
plex. Rac is activated and leads to the activation of a JNK
cascade (Habas et al., 2003). It is notable that the fifth helix
of the p75NTR DD is similar to the GTPase activation
domain. The p75NTR DD mediates RhoA activation via a
direct interaction with the Rho GDP association inhibitor a
(Rho GDIa), and a p75NTR DD-binding peptide blocks the
association of Rho GDIa with p75NTR in vitro. Binding of
ligand(s) to the p75NTR induces a conformational change
that allows Rho GDIa to bind to the fifth helix of the DD
and release RhoA. Once released from Rho GDIa, RhoA
adopts its active conformation and activates downstream
substrates (Yamashita and Toyama, 2003). Sasai et al.
(2004) showed physical biding between NRH ICD and Rho-
GDI, which suggests that NRH has an innate RhoA
activating capability. An additional intriguing finding is
that p75NTR undergoes cleavage by g-secretase, which
results in release of the cytoplasmic domain from its
transmembrane tether and the accumulation of the ICD in
the nucleus (Kanning et al., 2003). The function of this
released ICD is not yet known, but by analogy with Notch
and other receptors that undergo similar cleavage, the
p75NTR ICD might act as a regulatory component of
transcriptional complexes that regulate morphogenesis via
the transcription of target genes.
The role of FGF signaling in cell shape change and
migration
The actin cytoskeleton mediates a wide spectrum of
cellular functions, providing the structural framework for
cell shape, cell migration, polarity, adhesion complex
formation, and several other cellular events, including
morphogenesis and wound healing. The cytoskeleton is
also regarded as a primary target for growth factor action,
and it mediates several cellular responses to extracellular
cues. FGF has been reported to strongly induce actin
cytoskeletal organization and focal adhesion formation,
and the assembly and reorganization of the actin cytoske-
leton are mediated by small GTPases (Maddala et al.,
2003). However, little is known about the molecular
pathway by which FGF signaling induces cell shape
changes and migration in vivo. The data presented here
reveal that NRH is one of the key downstream targets of
FGF signaling and that FGF signaling-induced cytoskeletalchanges may be mediated via JNK and small GTPases
activation. Furthermore, a recent report showed that NRH1
overexpression moderately increased the nuclear accumu-
lation of the NF-AT protein, indicative of increased
intracellular Ca2+ (Sasai et al., 2004). This suggests that
NRH1 can modify Ca2+ signaling either directly or
indirectly. So far, only Xenopus sprouty2 has been shown
to regulate convergent extension cell movements via Ca2+
modulation downstream of FGF signaling. When Xspry2
was expressed in dorsal cells, we observed that Xspry2
inhibited well-developed filopodia on dorsal cells, suggest-
ing that Xspry2 regulates cytoskeleton as a specific
effector of FGF functions. Filopodia defects by Xspry2
seemed to be rescued by NRH though it was partial rescue,
which suggests NRH might function as a specific effector
of FGF functions in cytoskeleton regulation. However,
Xspry2 and NRH are thought to have other functions
beside filopodia regulation because co-expression of
Xspry2 and NRH induced weakened-adhesion phenotype
(Fig. S5). To understand the molecular mechanism of this
cell dissociation activity, further investigation of NRH and
Xspry2 functions in FGF signaling is necessary.
The FGF signaling system is highly conserved among
animal species, and thus we have learned much about it from
genetically tractable model organisms such as Drosophila.
In Drosophila, there are several mutants of FGF signaling:
branchless, breathless, and heartless (FGF receptor) (Ghab-
rial et al., 2003; Wilson and Leptin, 2000). In particular,
Heartless is required for mesodermal cell migration in the
Drosophila gastrula, and it is required for the formation of
cytoplasmic protrusions by the mesodermal cells (Ribeiro
et al., 2002). Recently, FGF-8-like ligand genes that activate
Heartless and thereby regulate the migration of mesodermal
cells during gastrulation have been identified (Gryzik and
Muller, 2004; Stathopoulos et al., 2004). These findings
shed light on the conserved role of FGF signaling in
mesodermal cell migration. More recently, a novel gene,
pebble (pbl), was identified in a genetic screen as being
required for mesoderm migration (Schumacher et al., 2004).
Pbl encodes a guanyl nucleotide exchange factor (GEF) for
Rho1. It also regulates early cell shape change during
mesodermal migration (Schumacher et al., 2004; Smallhorn
et al., 2004). These findings are consistent with our
observation that NRH is a target of FGF that regulates
mesodermal cell migration in Xenopus embryos. By analogy
with vertebrates, it would be intriguing to know whether
NRH-like genes are involved in Drosophila mesodermal
migration. However, we have not so far identified NRH
homologs in Drosophila by database searches.Acknowledgments
We thank Dr. Fiona Watt for the MZ15 antibody, Dr.
Takeharu Nagai for the pCS2Venus plasmid and Dr.
Yoshiki Sasaki for communicating unpublished data. We are
H.A. Chung et al. / Developmental Biology 282 (2005) 95–110 109grateful to Dr. Noriyuki Kinoshita for helpful comments and
other members of Ueno laboratory for their kind support.
This work was supported by a grant from the Japan Society
for the Promotion of Science (Research for the Future) and
the Ministry of Education, Culture, Sports, Science, and
Technology (MEXT) (to N.U). Hyeyoung A. Chung was
supported by the MEXT, Japan.Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.ydbio.2005.
02.030.References
Barker, P.A., 2004. p75NTR is positively promiscuous: novel partners and
new insights. Neuron 42, 529–533.
Barrett, G.L., 2000. The p75 neurotrophin receptor and neuronal apoptosis.
Progr. Neurobiol. 61, 205–229.
Boutros, M., Paricio, N., Strutt, D.I., Mlodzik, M., 1998. Dishevelled
activates JNK and discriminates between JNK pathways in planar
polarity and wingless signaling. Cell 94, 109–118.
Bromley, E., Knapp, D., Wardle, F.C., Sun, B.I., Collins-Racie, L., LaVallie,
E., Smith, J.C., Sive, H.L., 2004. Identification and characterisation of
the posteriorly-expressed Xenopus neurotrophin receptor homolog
genes fullback and fullback-like. Gene Expr. Patterns 5, 135–140.
Burdine, R.D., Chen, E.B., Kwok, S.F., Stern, M.J., 1997. egl-17 encodes
an invertebrate fibroblast growth factor family member required
specifically for sex myoblast migration in Caenorhabditis elegans.
Proc. Natl. Acad. Sci. 94, 2433–2437.
Burridge, K., Wennerberg, K., 2004. Rho and Rac take center stage. Cell
116, 167–179.
Cho, K.W., Blumberg, B., Steinbeisser, H., De Robertis, E.M., 1991.
Molecular nature of Spemann’s organizer: the role of the Xenopus
homeobox gene goosecoid. Cell 67, 1111–1120.
Chung, H.A., Hyodo-Miura, J., Terasaka, C., Kitayama, A., Nagamune, T.,
Ueno, N., 2004. Screening of FGF target genes in Xenopus by
microarray: temporal dissection of the signaling pathway using a
chemical inhibitor. Genes Cells 9, 749–761.
Conlon, F.L., Sedgwick, S.C., Weston, K., Smith, J.C., 1996. Inhibition of
Xbra transcription activation causes defects in mesodermal patterning
and reveals autoregulation of Xbra in dorsal mesoderm. Development
122, 2427–2435.
DeMali, K.A., Burridge, K., 2003. Coupling membrane protrusion and cell
adhesion. J. Cell Sci. 116, 2389–2397.
Djiane, A., Riou, J., Umbhauer, M., Boucaut, J., Shi, D., 2000. Role of
frizzled 7 in the regulation of convergent extension movements during
gastrulation in Xenopus laevis. Development 127, 3091–3100.
Frazzetto, G., Klingbeil, P., Bouwmeester, T., 2002. Xenopus marginal coil
(Xmc), a novel FGF inducible cytosolic coiled-coil protein regulating
gastrulation movements. Mech. Dev. 113, 3–14.
Gehler, S., Gallo, G., Veien, E., Letourneau, P.C., 2004. p75 neurotrophin
receptor signaling regulates growth cone filopodial dynamics through
modulating RhoA activity. J. Neurosci. 24, 4363–4372.
Ghabrial, A., Luschnig, S., Metzstein, M.M., Krasnow, M.A., 2003.
Branching morphogenesis of the Drosophila tracheal system. Annu.
Rev. Cell Dev. 19, 623–647.
Gryzik, T., Muller, H.A., 2004. FGF8-like1 and FGF8-like2 encode
putative ligands of the FGF receptor Htl and are required for mesoderm
migration in the Drosophila gastrula. Curr. Biol. 14, 659–667.Habas, R., Dawid, I.B., He, X., 2003. Coactivation of Rac and Rho by Wnt/
Frizzled signaling is required for vertebrate gastrulation. Genes Dev. 17,
295–309.
Hacohen, N., Kramer, S., Sutherland, D., Hiromi, Y., Krasnow, M.A., 1998.
sprouty encodes a novel antagonist of FGF signaling that patterns apical
branching of the Drosophila airways. Cell 92, 253–263.
Harland, R.M., 1991. In situ hybridization: an improved whole-mount
method for Xenopus embryos. Methods Cell Biol. 36, 685–695.
Huang, E.J., Reichardt, L.F., 2001. Neurotrophin: roles in neuronal
development and function. Annu. Rev. Neurosci. 24, 677–736.
Iioka, H., Kinoshita, N., Ueno, N., 2004. Essential role of MARCKS in
cortical actin dynamics during gastrulation movements. J. Cell Biol.
164, 169–174.
Issac, H.V., 1997. New perspectives on the role of the fibroblast growth
factor family in amphibian development. Cell Mol. Life Sci. 53,
350–361.
Kanning, K.C., Hudson, M., Amieux, P.S., Wiley, J.C., Bothwell, M.,
Schecterson, L.C., 2003. Proteolytic processing of the p75 neurotrophin
receptor and two homologs generates C-terminal fragments with
signaling capability. J. Neurosci. 23, 5425–5436.
Kimelman, D., Kirschner, M., 1987. Synergistic induction of mesoderm by
FGF and TGF-beta and the identification of an mRNA coding for FGF
in the early Xenopus embryo. Cell 51, 869–877.
Kinoshita, N., Iioka, H., Miyakoshi, A., Ueno, N., 2003. PKC delta is
essential for Dishevelled function in a noncanonical Wnt pathway that
regulates Xenopus convergent extension movements. Genes Dev. 17,
1663–1676.
Klymkowsky, M.W., Hanken, J., 1991. Whole-mount staining of Xenopus
and other vertebrates. In: Kay, B.K., Peng, H.B. (Eds.), Xenopus laevis:
Practical Uses in Cell and Molecular Biology. Academic Press, New
York, pp. 419–441.
Maddala, R., Reddy, V.N., Epstein, D.L., Rao, V., 2003. Growth factor
induced activation of Rho and Rac GTPases and actin cytoskeletal-
reorganization in human lens epithelial cells. Mol. Vis. 17, 329–336.
Mi, S., Lee, X., Shao, Z., Thill, G., Ji, B., Relton, J., Levesque, M., Allaire,
N., Perrin, S., Sands, B., Crowell, T., Cate, R.L., McCoy, J.M.,
Pepinsky, R.B., 2004. LINGO-1 is a component of the Nogo-66
receptor/p75 signaling complex. Nat. Neurosci. 7, 221–228.
Mohammadi, M., McMahon, G., Sun, L., Tang, C., Hirth, P., Yeh, B.K.,
Hubbard, S.R., Schlessinger, J., 1997. Structures of the tyrosine kinase
domain of fibroblast growth factor receptor in complex with inhibitors.
Science 276, 955–960.
Murray, S.S., Perez, P., Lee, R., Hempstead, B.L., Chao, M.V., 2004. A
novel p75 neurotrophin receptor-related protein, NRH2, regulates
nerve growth factor binding to the TrkA receptor. J. Neurosci. 24,
2742–2749.
Nagai, T., Ibata, K., Park, E.S., Kubota, M., Mikoshiba, K., Miyawaki, A.,
2002. A variant of yellow fluorescent protein with fast and efficient
maturation for cell-biological applications. Nat. Biotechnol. 20, 87–90.
Nieuwkoop, P.D., Faber, J., 1967. A Normal Table of Xenopus laevis.
North Holland Publishing, Amsterdam.
Nutt, S.L., Dingwell, K.S., Holt, C.E., Amaya, E., 2001. Xenopus Sprouty2
inhibits FGF-mediated gastrulation movements but does not affect
mesoderm induction and patterning. Genes Dev. 15, 1152–1166.
Pandur, P., Lasche, M., Eisenberg, L.M., Kuhl, M., 2001. Wnt-11 activation
of a non-canonical Wnt signalling pathway is required for cardio-
genesis. Nature 418, 636–641.
Raftopoulou, M., Hall, A., 2004. Cell migration: Rho GTPases lead the
way. Dev. Biol. 265, 23–32.
Ren, X.D., Kiosses, W.B., Schwartz, M.A., 1999. Regulation of the small
GTP-binding protein Rho by cell adhesion and the cytoskeleton. EMBO
J. 18, 578–585.
Ribeiro, C., Ebner, A., Affolter, M., 2002. In vivo imaging reveals different
cellular functions for FGF and Dpp signaling in tracheal branching
morphogenesis. Dev. Cell 2, 677–683.
Rothb7cher, U., Laurent, M.N., Deardorff, M.A., Klein, P.S., Cho, K.W.Y.,
Fraser, S.E., 2000. Dishevelled phosphorylation, subcellular local-
H.A. Chung et al. / Developmental Biology 282 (2005) 95–110110ization and homomerization regulate its role in early embryogenesis.
EMBO J. 19, 1010–1022.
Roux, P.P., Barker, P.A., 2002. Neurotrophin signaling through the p75
neurotrophin receptor. Prog. Neurobiol. 67, 203–223.
Sasai, N., Nakazawa, Y., Haraguchi, T., Sasai, Y., 2004. The neurotrophin-
receptor-related protein NRH1 is essential for convergent extension
movements. Nat. Cell Biol. 6, 741–748.
Schumacher, S., Gryzik, T., Tannebaum, S., Muller, H.A., 2004. The
RhoGEF Pebble is required for cell shape changes during cell migration
triggered by the Drosophila FGF receptor Heartless. Development 131,
2631–2640.
Slack, J.M., Darlington, B.G., Heath, J.K., Godsave, S.F., 1987. Mesoderm
induction in early Xenopus embryos by heparin-binding growth factors.
Nature 326, 197–200.
Smallhorn, M., Murray, M.J., Saint, R., 2004. The epithelial–mesenchymal
transition of the Drosophila mesoderm requires the Rho GTP exchange
factor Pebble. Development 131, 2641–2651.
Smith, J.C., Price, B.M., Green, J.B., Weigel, D., Herrmann, B.G., 1991.
Expression of a Xenopus homolog of Brachyury (T) is an immediate-
early response to mesoderm induction. Cell 67, 79–87.
Stathopoulos, A., Tam, B., Ronshaugen, M., Frasch, M., Levine, M., 2004.
Pyramus and thisbe: FGF genes that pattern the mesoderm of
Drosophila embryos. Genes Dev. 18, 687–699.
Sutherland, D., Samakovlis, C., Krasnow, M.A., 1996. Branchless encodes
a Drosophila FGF homolog that controls tracheal cell migration and the
pattern of branching. Cell 87, 1091–1101.
Szebenyi, G., Fallon, J.F., 1999. Fibroblast growth factors as multifunc-
tional signaling factors. Int. Rev. Cytol. 185, 45–106.
Tada, M., Smith, J.C., 2000. Xwnt11 is a target of Xenopus Brachyury:
regulation of gastrulation movements via dishevelled, but not through
the canonical Wnt pathway. Development 127, 2227–2238.Tahinci, E., Symes, K., 2003. Distinct functions of Rho and Rac are
required for convergent extension during Xenopus gastrulation. Dev.
Biol. 259, 318–335.
Wallingford, J.B., Rowning, B.A., Vogeli, K.M., Rothbacher, U., Fraser,
S.E., Harland, R.M., 2000. Dishevelled controls cell polarity during
Xenopus gastrulation. Nature 405, 81–85.
Wacker, S., Brodbeck, A., Lemaire, P., Niehrs, C., Winklbauer, R., 1998.
Patterns and control of cell motility in the Xenopus gastrula. Develop-
ment 125, 1931–1942.
Wang, K.C., Kim, J.A., Sivasankaran, R., Segal, R., He, X., 2002. p75
interacts with the Nogo receptor as a co-receptor for Nogo, MAG and
OMgp. Nature 420, 74–78.
Wilson, R., Leptin, M., 2000. Fibroblast growth factor receptor-dependent
morphogenesis of the Drosophila mesoderm. Philos. Trans. R. Soc.
Lond., B Biol. Sci. 355, 891–895.
Yamamoto, T.S., Takagi, C., Hyodo, A.C., Ueno, N., 2001. Suppression of
head formation by Xmsx-1 through the inhibition of intracellular nodal
signaling. Development 128, 2769–2779.
Yamanaka, H., Moriguchi, T., Masuyama, N., Kusakabe, M., Hanafusa, H.,
Takada, R., Takada, S., Nishida, E., 2002. JNK functions in the non-
canonical Wnt pathway to regulate convergent extension movements in
vertebrates. EMBO Rep. 3, 69–75.
Yamashita, T., Toyama, M., 2003. The p75 receptor acts as a displacement
factor that releases Rho from Rho-GDI. Nat. Neurosci. 6, 461–467.
Yamashita, T., Tucker, K.L., Barde, Y.A., 1999. Neurotrophin binding to
the p75 receptor modulates Rho activity and axonal outgrowth. Neuron
24, 585–593.
Yang, X., Dormann, D., Munsterberg, A.E., Weijer, C.J., 2002. Cell
movement patterns during gastrulation in the chick are controlled by
positive and negative chemotaxis mediated by FGF4 and FGF8. Dev.
Cell 3, 425–437.
